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The  steady  state  current  through  the  double  air'" 

dielectric  of  MNOS  capacitors  on  p-silicon  substrate  was 

measured  as  function  of  temperature  for  several  fixed  fields 

in  the  silicon  oxide  of  a  polarity  promoting  hole  flow  from 

the  silicon.  It  is  shown  that  the  availability  of  enpty  re- 

\ 

cipient  trap  states  for  holes  tunneling  from  the  silicon 
into  the  nitride  controls  the  current.  The  occupancy  of 
these  trap  states  is  governed  by  Frenkel-Poole  detrapping 
at  elevated  temperatures  and  by  Fowler-Nordheim  tunnel 
emission  from  the  traps  at  lew  tarperature .  Transient 


charging  measurements  support  this  interpretation. 
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Statement  of  Problen 


The  contract  called  far  a  theoretical  analysis  of  charge 
storage  and  charge  transfer  in  W06  manory  structures,  and 
for  experiments  supplementing  this  analysis.  Included  in  the 
study  mere  predictions  of  charge  retention,  and  charging  ex¬ 
periments  using  constant  current,  rather  than  the  customary 
constant  voltage  pulses. 

Sumnary  of  Results 

Just  prior  to  the  start  of  the  project,  we  computed1  tran¬ 
sient  charge  distributions  in  the  nitride  based  on  a  model 
which  assures: 

(i)  charge  flow  of  carriers  of  one  polarity  only,  entering 
through  the  oxide; 

(ii)  charge  storage  in  traps  of  a  single  trap  depth  and 
uniformly  distributed  through  the  nitride. 

(iii)  constant  current  pulses  and  therefore  constant  field 
at  the  oxide/nitride  interface  (i.e.  neglecting  inter¬ 
face  charging). 


As  part  of  the  contract  the  same  model  was  applied  to 
explain  experimental  data  on  the  high  tenperature  charge 
retention  in  the  nitride2.  The  experimental  results  show 
that  the  decrease  in  the  threshold  voltage  window  is  ini¬ 
tially  independent  of  tenperature,  and  is  proportional 
to  the  logarithm  of  time;  both  features  are  explained 
by  back  tunneling  through  the  oxide* .  However,  at  ele¬ 
vated  temperatures  the  decay  of  threshold  voltage  becomes 
more  rapid  after  an  incubation  period  which  decreases  with 
Increasing  tenperature.  This  accelerated  decay  was  explained 
by  our  model  considering  detrapping  from  traps  within  the 
nitride  and  drift  of  released  carriers  toward  the  oxide 
interface.  Theory  matched  to  the  experiments  indicates  a 

A  I/O 

reasonable  Frenkel-Poole  coefficient  of  5.2  x  10  an  '  . 
V-1/^eV,  and  a  trap  depth  of  1.5eV.  Obviously,  detrapping 
from  these  rather  deep  traps  could  not  occur  at  roan  tem¬ 


perature. 


Experiments  cm  the  retention  loss  at  moderately  elevated 
temperatures  (  154-205°C  )  could  not  be  matched  by  our  model. 
Bather  than  invoking  ad  hoc  additional  mechanisms,  we  decided 
to  extend  the  experimental  data  base  so  as  to  arrive  at  a 
better  general  understanding  of  the  charge  transport  process 
in  MHOS  structures. 

A  survey  of  literature  indicated  to  us  that: 

(a)  available  experimental  data  are  almost  generally 
inadequate,  and 

(b)  theoretical  analysis  (including  our  own4)  is  either 
based  on  oversimplified  models,  or  else  includes  so  many 
different  parameters5  (carriers  of  both  polarities;  multitrap 
levels,  etc,)  which  are  clearly  beyond  resolution  by  existing 
experimental  data. 

The  reason  for  the  poor  experimental  data  base  is  the  in¬ 
trinsic  coiplexity  of  the  subject ,  e.g.: 

(a)  it  is  characteristic  of  a  memory  device,  and  in 
particular  the  MN08  memory  device,  that  the  same  initial 
state  cannot  be  reestablished  easily  in  a  sequence  of  ex¬ 
periments. 


(b)  Charge  transport  in  the  MMDS  Structure  occurs  by 
tunneling  through  the  oxide  barrier,  and  by  Frenkel-Poole 
transport  through  the  nitride.  These  two  mechanisms  occur 
simultaneously,  so  that  it  is  difficult  to  separate  them. 

* 

(c)  Both  mechanisms  depend  strongly  on  the  electric  field. 
Because  space  charges  in  the  nitride  are  the  basis  of  the  MNOS 
memory  mechanism,  there  is  necessarily  an  inhomogeneous  field 
distribution;  e.g. ,  the  steady  state  field  in  the  oxide  is  not 
precisely  known  when  a  D.C.  gate  voltage  is  applied. 

(d)  It  is  difficult  to  distinguish  the  charging  which  occurs 
by  carriers  of  one  polarity  entering  from  the  silicon  and  the 
charging  which  occurs  by  carriers  of  the  other  polarity  entering 
fran  the  gate. 

Great  progress  in  the  experimental  analysis  of  charge  dis¬ 
tribution  in  the  nitride  was  made  by  measuring  charge  injected  by 
pulses  of  increasing  duration,  each  pulse  being  applied  at  the 
bias  voltage  which  provides  flat  band  (Yun  method6).  The  cen¬ 
troid  of  the  charge  stored  in  the  nitride  can  then  be  derived 
under  certain  conditions  fran  change  of  flat  band  voltage  and 


of  charge  passed  through  the  external  circuit.  However,  the  Yun 
method6  requires  that  the  sample  must  be  restored  to  its  initial 
state  between  pulses;  the  reverse  polarity  pulsing  used  to  achieve 
this  restoration  may  introduce  carriers  of  the  opposite  polarity. 
Moreover,  such  a  procedure  is  extremely  time  consulting;  a  single 
charging  run  over  the  entire  range  of  voltage  durations  takes 
hours.  Finally,  the  electric  field  in  the  oxide  is  known  only  at 
the  onset  of  the  pulse;  this  field  decreases  during  the  pulse  in 
an  experimentally  undetermined  manner. 

Our  principle  achievement  under  this  contract  has  been  to 
devise  and  develop  a  new  measurement  technique7  which  eliminates 
all  the  aforementioned  difficulties  of  the  Yun  method6. 

This  is  acccnplished  by  charging  the  nitride  using  a  se¬ 
quence  of  identical  pulses  (hence  "staircase  charging"),  thereby 
removing  the  time-consuming  restoration  of  the  initial  state, 
and  the  potential  complexities  due  to  the  introduction  of  charge 
of  opposity  polarity  by  reverse  pulsing.  Since  we  apply  short 
(microsecond  range)  and  conparatively  low  voltage  pulses,  the 
charge  increment  per  pulse  is  kept  small  and  oxide  field  and 


and  current  remain  nearly  constant  during  a  pulse.  The  oxide 
field  is  known  from  the  applied  bias  voltage  and  from  the 
oxide  and  nitride  capacitances .  Deep  depletion,  which  would 
cause  a  significant  potential  drop,  is  prevented  by  the 
rapid  build-up  of  inversion  charge  due  to  a  pulsed  laser 
beam  impinging  on  the  sample  at  the  onset  of  the  gate 
voltage  pulse  [Fig.1].  Using  the  computer  control8  in  the 
feedback  loop  between  the  circuit  sensing  the  MNDS  capacitance, 
and  the  circuit  adjusting  the  gate  bias  voltage  to  flat  band, 
we  reduce  the  time  interval  between  pulses,  and  therefore 
back-tunneling.  The  total  time  for  generating  the  experimental 
data  for  a  complete  charge  vs. -centroid  relationship  is  thus 
reduced  to  minutes.  The  data  is  stored  in  the  PEP  11  computer 
used  for  the  aforementioned  feedback  control,  and  is  processed 
by  the  computer  to  provide  desired  relations  such  as  will  be 
discussed  shortly  on  hand  of  Figure  2. 

Since  the  termination  of  the  contract,  an  IBM  computer 
#5110  became  available  from  another  project,  and  it  is  now 
being  installed  as  a  controller  for  the  P DP  11  which  will  become 


a  slave  computer  to  run  the  experiment  in  a  manner  dictated 
by  the  IEM  5110.  The  IBM  computer  will  store  the  data  on  tape, 
analyze  it  ami  display  it  graphically  on  an  HP  9872A  digital 
plotter. 

Figure  2  shews  a  typical  graph  produced  by  our  staircase 
method.  The  raw  data  are  the  step-wise  increase  in  flat  band 
voltage  and  in  the  charge  passed  through  the  oxide.  The  two 
properties  derived  from  these  data  are  the  charging  current 
(=charge  increment  divided  by  pulse  duration) ,  and  the  charging 
efficiency  (=nitride  capacitance  times  change  in  flat  band 
voltage  divided  by  charge  increment).  The  centroid  position 
divided  by  the  nitride  thickness  equals  one  minus  the  charg¬ 
ing  efficiency.  However,  as  in  the  Yun  method,  this  provides 
the  true  centroid  only  under  certain  conditions  (e.g.  no 
charge  crossing  the  nitride/gate  boundary)  which  may  not 
always  be  satisfied.  As  a  matter  of  fact  we  attribute  the 
decrease  of  charging  current  before  the  minimum  (seen  in 
Figure  2)  to  a  reduction  of  charge  injection  through  the 
oxide,  and  the  increase  of  charging  current  after  passing 
through  that  minimum  to  the  injection  of  opposite  charge 
from  the  gate9 .  The  delayed  injection  from  the  gate  is 
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due  to  the  build-up  of  the  gate  field  with  increasing  flat- 
band  voltage. 

Using  the  staircase  charging  method  we  have  measured  the 
steady  state  current  as  function  of  temperature  and  known 
oxide  field  (see  Appendix) .  Such  extensive  data  has  never  been 
produced  before  and  their  interpretation  modifies  the  current 
model  for  charge  injection  in  the  trap-assisted  tunnel  regime: 
Injection  of  carriers  frcm  the  silicon  through  the  oxide  into 
the  nitride  is  not  governed  by  the  transition  probability 
through  the  barrier10  but  rather  by  the  availability  of  anpty 
traps  at  or  near  the  oxide  nitride  interface  into  which  tunneling 
can  take  place. 

Our  staircase  charging  method  and  the  elaborate  equipment 
we  assembled  for  its  execution  is  unique,  and  the  potential 
value  of  this  tool  is  well  recognized  in  the  industry.  This  is 
evident  frcm  the  fact  that  several  manufacturers  (Rockwell  In¬ 
ternational,  McDonnell  Douglas  and  Westinghouse)  have  supplied 
us  with  samples  for  analysis  by  the  staircase  charging  method. 
Moreover,  we  have  obtained  a  short  term  work  order  frcm  Sandia 
Corporation  for  the  measurement  of  charge  injection  and  steady- 
state  current  of  MNOS  capacitors  by  the  staircase  charging 


method. 


Sandia  will  supply  appropriate  types  and  number  of  devices. 

In  summary,  we  have  provided  a  new  tool  for  the  experi¬ 
mental  investigation  of  MNOS  memory  capacitors.  Application 
of  this  tool  to  the  steady  state  current  through  the  dual 
dielectric  as  function  of  oxide  field  and  temperature  has 
already  lead  us  to  modify  the  existing  model  for  charging 
through  the  oxide.  It  is  anticipated  that  large  scale  application 
of  our  method  to  a  wide  range  of  samples  supplied  by  a  variety  of 
sources  will  generate  an  extensive  data  base  from  which  a  still 
more  complete  understanding  for  charge  transport  in  MNOS  struc¬ 
tures  can  be  derived.  We  are  particularly  eager  to  study  the 
endurance  phenomenon  which  was^  initially  planned  for  this  con¬ 
tract  but  which  had  to  be  postponed  for  lack  of  an  appropriate 
experimental  tool.  The  staircase  charging  method  developed  under 
this  contract  has  new  provided  us  with  a  powerful  tool  for  this. 


Carter-controlled  testing  circuit  for  staircase  charging,  according  to  ref. 
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"TEMPERATURE  DEH2CSNCE  OF  1M06  CORRECTS  AT  CONSTANT  OKHX  FIELDS"41 
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The  steady  state  current  through  the  double  dielectric  of 
1M0S  capacitors  on  p-silicon  substrate  was  measured  as  func¬ 
tion  of  tenperature  for  several  fixed  fields  in  the  silicon 
oxide  of  a  polarity  promoting  hole  floe  frcm  the  silicon.  It 
is  shown  that  the  availability  of  ecpty  recipient  trap  states 
for  holes  tunneling  from  the  silicon  into  the  nitride  controls 
the  current.  Ibe  occupancy  of  these  trap  states  is  governed 
by  Frenkel-Poole  detrapping  at  elevated  temperatures  and  by 
Fcwler-Nordheim  tunnel  emission  from  the  traps  at  low  temper¬ 
ature.  Transient  charging  measurements  support  this  interpre¬ 
tation. 

PACS  Numbers:  73.40.Qv,  73.60.Hy,  85.30.Tv,  72.20.Jv 

^Supported  by  the  Army  Research  Office,  Grant  DAAG29-79-C-0095 
**0n  leave  from  INHA  University,  INCHGEN,  KOREA  160 


The  steady  state  current  through  the  dual  dielectric  of 
MCS  devices  caqprises  charge  transport  through  the  oxide, 
generally  ascribed  to  a  tunneling  mechanism,  followed  by 
charge  transport  through  the  nitride,  believed  to  be  governed 
by  same  detrapping  mechanlan.  The  key  measurement  parameter 
for  the  oxide  tunnel  current  is  the  oxide  field.  Measurements 
at  constant  gate  voltage  provide  an  approximate  average  ni¬ 
tride  field  but  leave  the  ood.de  field  ill-defined  due  to  the 
unknown  space  charge  distribution  in  the  nitride.  In  this 
letter  we  give  experimental  results  for  die  tenperature  de¬ 
pendence  of  the  steady  state  MN06  current  at  constant  oxide 
fields  and  discuss  the  implications  of  these  data  for  MNOS 
device  modeling. 

The  saaples  investigated  by  us  were  obtained  by  cour¬ 
tesy  of  R.  Cricchi  from  the  Westinghouse  Corp.  and  had  a 

—3  2 

p-type  silicon  substrate,  an  A1  gate  of  area  A*3  x  10  cm  , 
oxide  and  nitride  thicknesses  of  dCK*22&  and  d^*  400&,  re¬ 
spectively.  Application  of  negative  gate  voltage  pulses  re¬ 
sulted  in  a  negative  shift  of  the  flat-band  voltage  which 
indicates  that  hole  injection,  from  the  silicon  dominates 
over  electron  injection  from  the  gate. 


Fixed  voltage  pulses  V  of  short  duration  t  in  the 

P  p 

microsecond  to  millisecond  range  applied  at  flat  band  bias 
voltage  generate  the  oxide  field  where  and  are  the 
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ax  N 

C — C 
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oxide  and  nitride  capacitances  and  ^  is  the  permitivity 

of  the  oxide.  First  a  large  mxrtoer  of  pulses  was  applied  using 

1  2 

our  staircase  charging  technique  ’  until  a  quasi-stat ionary 

state  of  the  flat  band  voltage  was  reached.  During  this  time 

period  the  integrating  capacitor  in  the  circuit  was  shunted 

by  a  resistor  in  order  to  prevent  saturation  of  the  charge 

amplifier.  The  shunt  resistor  was  then  removed  using  a  relay, 

and  the  flat-band  coltage  VIB  and  the  integrated  charge 

passing  from  the  silicon  into  the  oxide  were  registered  after 

each  pulse.  Between  pulses  the  gate  bias  voltage  was  readjusted 

to  flat-band  by  the  digitized  feedback  circuit  described 
o 

elsewhere  .  The  steady  state  current  density  is  then 

Si  V- 


‘rimenta] , Results. 

Figure  1  shows  the  steady  state  current  density  plotted 


against  reciprocal  absolute  temperature  for  several  constant 
cod.de  fields  corresponding  to  the  pulse  voltages  indicated  in 
the  figure.  The  current  is  found  to  be  independent  of  temper¬ 
ature  at  low  temperatures  (  <  -100°C  )  and  thermally  activated 
at  elevated  temperatures.  The  points  indecated  by  crosses  and 
fitted  by  the  dashed  lines  are  obtained  by  subtracting  fran 
the  observed  current  density  the  tarperature  independent 
current  J2  (dotted  levels  at  lew  temperatures).  The  activated 
energy  is  displayed  in  Figure  2  in  a  Frenkel-Poole  type  plot, 

*  -  $  «> 

fron  which  <J>T  »  0.34V  and  S»  1.5  x  lO^cmM 

The  nitride  field  at  the  nitride/oxide  boundary,  e^/  ijj 

used  in  this  plot  disregards  the  interface  charge. 

The  dashed  lines  in  Fig.  1  extrapolated  to  T  — >  ®  provide 
*  2.94  x  exp  [-1.02  x  10 7 /E]  when  is  in  A/cm2  and  E  in  V/an 
where  Aj  is  the  coefficient  of  the  Frenkel-Poole  relation 

JL  -  Al  exp. [(-  (<D-B^5“  )]  (3) 

The  strong  field-dependence  of  the  pre-exponential  factor 


invalidates  determination  of  B  fran  measurements  of  steady 
state  current  vs.  field  at  a  fixed  tenperature  by  using  B  * 

(  Jtfr/q)  ^ST/  3^T  . 

The  temperature  -  independent  current  levels  J2  are 
fitted  by  the  Fowler  -  Nordheim  relation3 

J2  *  A2EN  6X13  (4) 

with  B  *  2.07  x  107  cm/V  and  A2  -  6.18  x  10"7  AV_1cm“l. 

In  another  set  of  experiments  the  flat-band  voltage  was 
first  shifted  toward  its  highest  value  by  applying  a  large 
positive  gate  voltage  and  the  initial  charge  build-up  in  the 
sample,  by  a  sequence  of  negative  gate  pulses  superimposed 
on  flat-band,  was  then  investigated.  Figure  3  shows  that  the 
initial  charge  build-up  in  the  nitride  as  registered  by  the 
charge  amplifier  in  the  MNOS  circuit  is  well  fitted  by 

Q  *  APq  [  1  -  exp  (  -t/tj)  ]  (5) 

12  -2 

with  P  *  10  cm  and  tj,  =  0.43ms.  Preliminary  measure¬ 
ments  at  other  temperatures  and  oxide  fields  show  P  and 
to  be  independent  of  temperature,  P  to  be  independent  of 


and  tf  to  decrease  strongly  with  oxide  field. 

The  most  interesting  aspect  of  cur  data  is  the  ther¬ 
mal  activation  of  the  current  at  elevated  tenperatures. 

While  sane  taJperatur e-dependence  of  the  tunnel  current 
may  arise  by  tunneling  of  thermally  activated  carriers 
from  the  silicon,  as  preposed  by  Svensson  and  Lundstrcm4 , 
we  believe  that  this  effect  is  too  snail  to  account  for  our 
observations.  Rather  than  assunlng  tunneling  into  almost 
aipty  traps4,  we  consider  the  occupancy  of  the  traps  into 
which  the  holes  tunnel  as  the  rate  determining  factor.  This 
occupancy  is  determined  by  a  dynamic  equilibriun  between  the 
tunneling  into  the  empty  traps  and  emission  from  the  filled 
traps.  This  emission  occurs  by  the  temperature  dependent 
Frenkel-Poole  mechanism  at  elevated  tenperatures,  and  trap 
occupancy  and  thus  the  tunnel  current  through  the  oxide  then 
also  becanes  tenperature-dependent . 


We  shall  new  describe  a  simple  model  which  accounts  for 
our  experimental  data.  By  Imping  all  hole  traps  which  act  as 
recipients  for  the  oxide  tunnel  current  into  the  Si0o/Si^N4 


interface,  ws  have 


(6) 


3P  =  ElE  _  -2 
at  tx  tj) 

wtoere  P  is  the  total  nunber  of  hole  traps  per  unit  area,  p 
is  the  mmber  of  occupied  hole  traps  per  unit  area,  tj,  is  the 
time  constant  for  a  hole  tunneling  from  the  silicon  into  an 
enpty  hole  trap  and  tp  is  the  time  constant  for  a  hole  leaving 
an  occupied  hole  trap  to  enter  the  nitride  valence  band.  The 
time  constant  tj,  is  the  reciprocal  of  the  product  of  the 
arrival  rate  of  holes  at  the  oxide  barrier,  the  probability 
to  tunnel  through  it,  and  the  capture  cross  section  of  an  empty 
trap  for  a  hole  having  tunneled  through  the  barrier.  Hie 
steady  state  current  density  is 

=  qp/tD  -  qP/(tD  +  tj.)  (7) 

Since  we  expect  tj,  to  be  fairly  independent  of  temperature, 
we  conclude  frcm  the  observed  temperature  dependence  of  Jgj, 
at  elevated  temperatures  that  tp  »  tj,  and  that  detrapping 
occurs  by  Frenkel-Poole  emission.  Since  tp  increases  with 


decreasing  temperature  while  tp  remains  nearly  constant, 
the  same  inequality  should  be  even  better  satisfied  at  lower 
temperatures.  The  independence  of  temperature  of  the  steady 
state  current  in  the  low  temperature  regime  thus  indicates 
that  Fcwler  -  Nordheim  type  tunnel  emission  of  holes  from 
the  traps  becomes  dominant  over  Frenkel-Poole  mission  at 
the  lower  temperatures.  Indeed  the  corresponding  theoretical 
relations, equations  (4)  and  (3), fit  well  the  enpirical 
steady  state  current  data.  The  initial  charge  build-up  of 
almost  empty  traps  follows  from  Eqn.  (6)  for  p  «  P  and 
gives  Eqn.  (5).  The  right  uppermost  experimental  point 
in  Fig.  3  falls  above  Eqn.  (5)  because  detrapping  can  no 
more  be  neglected.  The  detrapping  time  constant  for  the 
data  of  Fig.  3  is  tp  *  qP/Jgj  *  10  m.sec  which  is  large 
vs.  tj.  in  agreement  with  our  model.  The  additional  field 
Pq/Ejj  91  2.5  r  105  V/cm  generated  by  the  fully  charged  inter¬ 
face  traps  is  still  quite  small  vs.  %c  %/£ot  rtHch 

justifies  neglecting  the  interface  charge  in  the  Frenkel- 
Poole  plot  of  Fig.  2. 


A  more  refined  model  which  allows  for  spatial  distri¬ 
bution  for  traps  of  a  range  of  energy  levels  is  now  being 
investigated.  The  trap  depth  mist  then  be  considered 
an  effective  value  which  depends  on  temperature  and  field. 
This  has  Implications  for  the  interpretation  of  the  para¬ 
meters  and  A,  derived  from  the  experimental  data.  A  vol- 
une  trap  distribution  near  the  oxide-nitride  interface  has 
been  invoked  for  the  interpretation  of  charge  retention 
data5. 

In  conclusion,  the  tenperature  dependence  of  the 
steady  state  current  through  the  oxide  at  elevated 
temperatures  suggests  that  the  tunneling  of  holes  through  the 
oxide  is  controlled  by  the  availability  of  enpty  reci¬ 
pient  states  at,  or  close  to  the  oxide-nitride  interface.  The 
degree  of  occupation  of  these  interface  hole  traps  is  gov¬ 
erned  by  a  dynamic  equilibrium  between  holes  tunneling  into 
these  states  from  the  silicas,  and  holes  leaving  the  traps 
by  a  detrapping  mechanism,  which  is  of  the  Fowler  -  Nord- 
heim  type  at  lew  tsnperatures,  and  of  the  Frenkel-Foole  type 
at  elevated  temepratures. 
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Temperature  dependence  of  the  steady  state  current 
through  the  dual  dielectric  of  an  MNOS  capacitor 
measured  at  constant  oxide  fields  pertaining  to  the 
pulse  voltages  indicated  in  Volts. 

A  Frenkel-Poole  plot  of  the  activation  energies 
derived  from  the  slopes  of  the  dashed  lines  in 
Fig.  1. 

Initial  charge  build-up  in  previously  emptied  in¬ 
terface  traps  when  charging  at  constant  oxide  field 
corresponding  to  V  *  -8V  at  room  tenperature. 
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Charge  retention  of  MNOS  devices  limited  by  Frenkel- 
Poole  detrapping** 
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A  simple  analytical  wprsaaiop  ia  derived  for  charge  retention  in  MNOS  memory  devices  aawwiinf  that 
retention  loee  ia  limited  by  Frenhel  Poole  retaaec  from  monoenergetic  trips.  "nils  model  shows  that  charge 
retention  becomes  eventually  independent  of  the  initial  charge  distribution.  Experimental  data  obtained  at 
elevated  temperatures  confirm  this  model  and  provide  a  trap  depth  of  1.3  eV,  Frvnkei-Pooie  coefficient  of 
about  6x  10~4  on'  i  vl,JeV,  and  efibetive  escape  attempt  mu  factor  of  1.2 x  10*  sec'1. 

FACS  number*.  73.40.Qv,  73.60.Hy,  63.30.Tv.  72.20Jv 

Charge  retention  lose  in  thin  oxide  MNOS  memory  charge  tunneling  through  the  oxide  from  traps  located 

devices  (/„  i  30  A)  is  dominated  In  its  early  stages  by  at  or  near  the  oxide- nitride  interface, 1-3  and  in  latter 

phases  by  Frenkel-  Poole  emission  of  charge  trapped 

_ in  the  nitride  and  charge  transport  through  the  nitride.  ’• 
‘■Supported  in-  the  Army  Research  office.  Cram  DAAC20-77-  In  this  paper  we  derive  a  simple  analytic  expression  for 
c->U:;.  the  decay  of  retained  charge  based  on  Frenkel- Poole 
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•miction  from  monoenergetlc  trap*.  Following  oar 
procedure,  an  analytic  expression  can  be  derived  for 
.  any  other  det rapping  mechaniam  which  depends  solely 
on  the  local  electric  Add  intensity.  The  effect  of  re- 
trapping  can  be  accounted  for  by  modifying  the  effective 
escape  attempt  factor. 

After  a  charging  pulse,  the  trapped  nitride  charge 
induces  a  charge  of  opposite  polarity  in  the  silicon  and 
at  the  gate  electrode  (Fig.  1).  This  charge  is  not 
necessarily  located  at  the  silicon  surface,  as  has  been 
indicated,  and  there  can  be  a  potential  drop,  not  shown 
in  Fig.  1,  across  the  silicon  space-charge  region. 
Ramifications  of  the  charge  distribution  in  the  silicon 
and  of  the  corresponding  potential  drop  are  discussed 
later  in  this  paper.  The  potential  distribution  in  the 
nitride  has  a  minimum  at  a  distance  xm  from  the 
aside. 4,1  This  minimum  is  located  closer  to  the  oxide 
than  to  the  gate,  i.  e. ,  xm<  \tH,  since  the  concentration 
of  trapped  charge  decreases  with  increasing  distance 
from  the  oxide.4***4  Consequently,  the  maximum  nitride 
field  during  retention  is  located  at  the  oxide  interface. 
Thus  detrapping  occurs  mostly  near  the  aside  inter¬ 
face  and  the  detrapped  nitride  charge  shifts  primarily 
toward  the  silicon.  Therefore,  the  time  dependence  of 
the  initial  Frenkel-  Poole-  type  detrapping  in  the  region 
0*x*xm  provides  a  lower  limit  for  charge  retention. 

The  escape  rate  from  traps  will  be  assumed  to  obey 
the  Frenkel- Poole  law 

»  -  n,v  expl-  <f>  -*■  3(E)*'*],  (1) 

where  n,(x,  ()  is  the  local  trapped  charge  density  and 
£(r,  t)  is  the  local  field,  both  functions  of  time.  The 
notation  here  is  the  same  as  that  used  in  Refs.  4,  7, 
and  8.  Trapped  charge  density  and  field  are  related  by 
Poisson's  law 

fr-if-  « 

Thus 

q  J  n,dxm- t/exp(-0)«,y  expft3(£)l/,]d£ 


+  *,<*.)  4  7*  (3) 

with 

E0(f)*to/«.Y)/#*"M*  (4) 


s-  J.o,  s.,n,  am 


FIG.  1.  A  typical  charge  and  potential  distribution  during  re¬ 
tention.  The  potential  drop  across  the  silicon  space-charge 
layer  is  not  shown,  but  is  considered  later  In  the  text. 


FIG.  2.  The  function  at  vimepi—f)  according  to  Eq.  (5) 

ter  different  rabies  of  #*£((0).  In  the  range 
terms  nsglected  in  dertvteg  Eq.  (S>  have  bean  included  la 
Fig.  2.  to  obtain  £,(0—  0  ter  f— •. 


the  field  in  the  nitride  at  the  nttrlde/axide  interface, 

*»0. 

The  second  term  on  the  right-hand  side  arises  from 
the  exchange  of  differentiation  with  respect  to  time, 
and  of  integration  with  respect  to  position,  when  pro¬ 
ceeding  from  Eq.  (1)  to  Eq.  (3).  For  a  constant  poten¬ 
tial  applied  between  gate  and  silicon,  the  charge  shift 
q*t(x JdxJdt  can  be  related  to  the  term  on  the  left- 
hand  side  of  Eq.  (3),  and  to  factors  which  involve  the 
centroids  of  q  dn,/dtdx  and  of  the  induced  charge  in 
the  silicon.  The  latter  is  tJCm,  where  Cm  Is  the  low- 
frequency  silicon  space-charge  capacitance.  It  can  be 
shown  that  the  right-hand  side  of  Eq.  (3)  can  be  replaced 
by  omitting  the  second  term  and  multiplying  the  first 
term  on  that  side  by  a  factor  q.  This  factor  is  signifi¬ 
cantly  less  than  unity  only  in  the  depletion  regime  with¬ 
out  inversion,  and  then  only  if  C„  £  l.  The  overall 
effect  of  this  “q  dip”  is  always  small,  however,  since 
at  high  dopant  concentrations  the  dip  is  shallow,  while 
at  low  dopant  concentrations  the  dip  is  narrow  because 
the  Ej-fleld  range  pertaining  to  depletion  without  in¬ 
version  becomes  very  small.  We  shall,  therefore, 
neglect  the  last  term  of  Eq.  (3)  in  what  follows. 

Integration  of  the  thus  simplified  Eq.  (3),  considering 
Eq.  (4),  provides 

3{£,(f)F,«3{£,(0)lt/,  -  ln{l  +  tfex p<-  6) 

xexp(5<£,),,,]K  (5) 

where  certain  terms  have  been  neglected  for  conven¬ 
ience,  assuming  that  3{£«W))l/* » 1.  The  function  3*E#(f) 
versus  log(rf  exp(-  «)]  is  shown  in  Fig.  2  for  various 
values  of  »?£0(0)  chosen  to  provide  t%  »  exp{£  -  3 
x  [E^O)]17*}  of  10*‘,  10**,  and  10*4  sec,  respectively. 

All  curves  merge  Into  the  same  unique  function 


&EtU)  *  ln*(  vt  exp(-  <5)1 

(6) 

lt « t  "<  v'x  exp(*  0). 

(7) 

The  field  intensity  £,(/)  in  the  nitride  at  the  boundary 
of  the  oxide  can  be  related  to  the  threshold  voltage  by 
the  following  considerations.  The  threshold  voltage  with 
nitride  charge  differs  from  that  without  nitride  charge 
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FIS.  3.  Experimental  chart*  retention  toes  fitted  by  Eq.  ttl). 


(ao- called  "Intrinsic  state")  by 

vAt)-VAm)»(fyf  *  *MH-x)dx 

■($ /”*■*-  i 

+  (*j)  f  nt{t„-x)dx.  (8) 

The  first  of  the  last  three  terms  Is  £,(/ )  t„;  the  second 
term  is  the  potential  drop  between  reO  and  xm;  and  the 
third  term  is  the  potential  drop  between  xm  and  t„.  In 
a  typical  retention  experiment  a  constant  bias  voltage 
VA  is  applied  between  gate  electrode  and  silicon  sub¬ 
strate.  Since 

(|f)  tmEt- (£)  f  ^  n,xdx 
+  (*)/  nt(t„-  x)dx,  ») 


IS  100  msec  suggests  that  retention  loss  is  initially 
governed  by  tunneling.  The  straight  line  in  Fig.  X  is 
the  tunnel  relation  of  Ref.  1.  After  about  1  sec  de- 
trapping  appears  to  become  the  dominant  factor  for  re¬ 
tention  loss  at  the  elevated  temperatures.  The  reten¬ 
tion  period  when  Initial  charge  distribution  has  an  effect 
on  the  detrapping  rate  is  masked  by  tunnel  escape.  The 
drop-off  of  the  data  points  at  281  *C  was  fitted  by  Eq. 

(11)  with  0»0*T/g -S.2X10"*  cmt/,V*t/JeV,  *«1.5 
•V,  and  t/»1.2x  10*  sec*1  determined  as  follows:  A 
plot  of  InVr  versus  logt(f  of  the  experimental  values  was 
matched  to  a  {dot  of  ln£,  versus  logtl  [i/exp(-  <£)<]  ac¬ 
cording  to  Eq.  (11);  toe  displacement  along  the  ordinate 
is  In  (I*?4)  and  toe  displacement  along  the  x  a»i«  is 
lo*ti[*/exP(~  i)).  The  parameters  v  and  $  have  been 
separated  by  applying  the  same  procedure  to  toe  data 
at  244  *C  and  assuming  that  v  is  independent  of  temper¬ 
ature.  The  (3  value  pertaining  to  244  *C  was  8. 4*  lO*1 
cml/I  V*1/,eV.  The  slight  temperature  dependence  of 
0  should  be  confirmed  by  additional  experimental  data 
before  attempting  an  interpretation.  The  0  values  are 
about  twice  toe  accepted  value  for  toe  Frenkel- Poole 
coefficient.  T,*“w  The  comparatively  small  value  of  v 
may  be  indicative  of  a  positive  temperature  coefficient 
at  toe  trap  depths,  d<t>/dT  >  0,  and  of  retrapping.  The 
time  t  used  in  toe  theoretical  expression  (11)  is  toe 
initial  detrapping  time,  «  r,.  On  toe  other  hand,  toe 
time  of  toe  experimental  points  is  toe  time  when  trapped 
electrons  are  removed  from  the  nitride,  i.  e. ,  tm 
*Tt  +  9.  These  times  differ  by  toe  delay  9  due  to 
retrapping. 


Since,  by  curve  fitting,  we  have 


(12) 


where  v*  is  the  intrinaic  escape  attempt  frequency, 
usually  assumed  to  be  of  toe  order  of  toe  vibrational 
lattice  frequency.  The  delay  time  9  Is  expected  to  be  a 
weak  function  of  time,  and  this  implicit  time  dependence 
should  not  affect  Eq.  (11)  strongly. 


where  Vm  is  the  potential  across  the  space-charge  layer 
in  toe  silicon  and  vB  is  toe  built-in  potential  between 
gate  and  substrate,  Eq.  (8)  can  be  transformed  Into 

VAD  -  Fr(«)  *  £,(/)(/, + +  VA  +  V,-Vn. 

(10) 

The  built-in  potential  compensates  closely  the  space- 
charge  layer  potential  in  case  of  a  p'~  poly  silicon  gate 
and  an  ft- type  substrate  if  toe  nitride  charge  induces 
an  inversion  layer  in  toe  silicon.  Under  this  condition, 
one  obtains  from  Eqs.  (10)  and  (6)  for  retention  at  zero 
gate  to  substrate  bias  voltage 

*'rW-  VA*) *f.v0** ln*(* exp(-  <S)].  (11) 

This  equation  Is  valid  for  t » to. 

Figure  3  shows  experimental  data  supplied  by  Dr.  M. 
Beguwala  of  Rockwell  International.  The  nitride  was 
charged  by  applying  positive  voltage  pulse  to  the  gate 
of  an  MNOS  capacitor  on  n-tvpe  silicon  substrate  at 
various  temperatures  Indicated  In  Fig.  3.  The  device 
was  at  Its  intrinsic  threshold  voltage  prior  to  pulsing. 
The  lack  of  a  significant  temperature  dependence  for 


The  observed  temperature  dependence  in  the  tem¬ 
perature  range  134—205  *C  was  less  than  that  expected 
by  our  theory,  with  d>  and  v  as  derived  from  the  data 
obtained  at  244  and  281  *C.  This  discrepancy  is  attrib¬ 
uted  to  a  second,  more  shallow,  trap  level  which  be¬ 
comes  dominant  (filled)  at  the  lower  temperatures  and 
which  is  insignificant  (empty)  at  the  more  elevated 
temperatures.  Unfortunately,  Eq.  (3)  written  for  the 
case  of  multipie  trap  levels  cannot  be  integrated  to 
provide  a  concise  form  such  as  Eq.  (3)  for  the  reten¬ 
tion  loss  arising  from  the  detrapping  of  electrons 
from  a  single  trap  level. 

Our  model  provides  a  concise  analytical  expression 
lor  the  charge  retention  loss  if  all  traps  have  the  same 
activation  energy.  During  the  latter  periods  of  retention 
loss,  this  expression  becomes  independent  of  the  initial 
charge  distribution,  and  depends  then  only  on  trap  depth, 
Frenkel- Poole  coefficient,  and  an  effective  escape  at¬ 
tempt  rate  factor  which  takes  into  account  retrapping. 

We  thank  Dr.  M.  Beguwala  and  Dr.  Ross  Williams 
of  Rockwell  International  for  supplying  the  experimen¬ 
tal  data  and  for  helpful  discussions. 
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I.  Introduction 

RNETT  AND  YUN  [1] ,  [2]  have  determined  the  memory 
charge  versus  centroid  relationship  for  electron  injection 
from  the  silicon  by  using  a  sequence  of  large- voltage  pulses  of 
increating  duration  to  charge  the  nitride  of  MNOS  devices 
[Fig.  1(a)] .  The  Yun  method  restores  the  sample  to  its  initial 
charge-free  state  before  the  next  charging  pulse  is  applied. 
The  memory  charge  is  removed  by  applying  pulses  of  opposite 
polarity  and  of  appropriate  magnitude  and  duration  until  the 
flat-band  voltage  reaches  a  predetermined  value  believed  to  be 
characteristic  of  the  memory  charge  free  state.  Restoration  of 
this  flat-band  voltage  after  each  voltage  pulse  is  time  consum¬ 
ing,  since  it  must  be  achieved  by  trial  and  error.  Moreover, 
reverse  polarity  pulsing  may  not  only  remove  negative  charge 
injected  by  preceding  pulses,  but  also  inject  positive  charge 
into  the  nitride.  Since  certain  superpositions  of  positive  and 
negative  charge  distributions  give  rise  to  a  flat-band  voltage 
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Ft*.  1.  Vaitsia  profiles  for  charge  versus  centroid  dnatraiiutioa.  (a) 
Yun  method  [I] .in  which  the  sample  is returned  to  flat  band  follow¬ 
ing  aaeh  chergins  pain  epptfcadoo  and  than  brought  to  th*  charge- 
fraa  state  hr  weens  polarity  putting  before  the  next  chaiglnt  pulse 
o t  hicwased  duration  it  applied,  (b)  Staircase  charging  method,  in 
which  the  sample  is  also  returned  to  flat  band,  but  the  charge  is  al¬ 
lowed  to  accumulate  step-wise  by  application  of  a  train  of  identical 


i  ana  flat  bans 


Fig.  2.  A  typical  voltage  and  charge  profile  for  the  staircase  charging 
method  obtained  by  positive  voltage  pulses  applied  to  the  gate 
electrode,  n-type  silicon  substrate  of  1.441  •  cm  resistivity ;  rox  ■  22 
A ,tN  ■  285  A;  Vp  •  10  V\tp  •  1  ms;**  ■  0.5  s. 

equal  to  that  of  the  charge-free  state,  generating  this  flat-band 
voltage  by  reverse  polarity  pulsing  does  not  guarantee  achieve¬ 
ment  of  the  charge-free  state. 

We  describe  in  this  paper  a  technique  by  which  a  sequence 
of  small  identical  voltage  pulses  is  applied  to  the  device  to  in¬ 
crease  the  nitride  memory  charge  in  a  staircase  pattern  [Fig. 
1(b)] .  Flat-band  condition  is  restored  between  these  pulses 
by  a  feedback  circuit,  as  in  the  Yun  method,  but  unlike  the 
Yun  method,  the  initial  charge-free  state  is  not  re-established. 
The  staircase  patterns  shown  in  Fig.  2  are  recordings  of  the 
charge  Qm  which  has  passed  through  the  external  circuit  to 
the  gate,  and  of  the  flat-band  voltage  Vm  across  the  sample. 
These  recordings  were  obtained  in  less  than  a  minute  and 
contain  all  the  information  required  for  a  complete  charge 
versus  centroid  determination.  We  provide  the  derivation  of 
the  charge  versus  centroid  relation  from  the  staircase  patterns, 
and  we  show  that  the  data  acquired  by  the  staircase  charging 
method  yield  information  about  other  important  MNOS  device 
properties,  such  as  memory  retention  loss  and  charging  current 
t*»Wi  n(  th«_vuilje<Lvalt 


Fig.  3.  Block  circuit  diagram  foe  applying  tha  voltage  pubes,  sen 
deviation  from  flat  band  by  capacitance  measurement!.  returning 
sample  to  flat  band  by  a  feedback  circuit,  and  measuring  tha  chi 
pasted  through  the  siUcon-oxide  interface  by  a  current  intagrator. 

1 

n.  Measurement  Technique 

The  measuring  circuit  (Fig.  3)  is  essentially  that  of  [3] .  A 
small  ac  voltage  is  applied  to  the  MNOS  capacitor;  the  capaci¬ 
tance  is  measured  by  a  lock-in  amplifier  circuit  and  compared 
to  a  fixed  reference  capacitance  equal  to  the  flat-band  capaci¬ 
tance.  The  difference  between  the  measured  MNOS  capaci¬ 
tance  and  the  reference  capacitance  generates  a  dc  bias  voltaga 
in  a  feedback  circuit  which  returns  the  device  to  flat  band 
after  each  voltage  pulse.  The  time  interval  tFB  for  restoration 
of  flat  band  (feedback  period)  includes  the  acquisition  time 
for  capacitance  sensing  by  the  lock-in  amplifier,  and  several 
cycles  of  bias  voltage  readjustment  until  the  measured  capaci¬ 
tance  equals  the  flat-band  capacitance.  The  feedback  period: 
must  be  long  compared  to  the  pulse  duration  tp  to  prevent 
automatic  bias  voltage  adjustment  during  the  pulse  by  tha! 
feedback  circuit.  On  the  other  hand,  if  the  feedback  period 
is  too  long,  charge  retention  loss  between  pulses  increases 
and  the  charge  measured  by  the  current  integrator  diffe 
increasingly  from  the  nitride  charge,  due  to  device  leakage 
currents  of  presently  unknown  origin  shunting  the  MNOS 
dielectric.  For  the  same  reasons  the  “rest  period"  tK  between 
pulses  should  not  be  much  longer  than  tFB.  A  typical  set  of 
time  constants  as  used  in  our  experiments  is  given  in  Table  I. 
The  measured  voltage  Vm  equals  the  flat-band  voitage  Vn 
during  the  time  interval  tR  -tFB. 

Consider  a  nitride  charge-free  sample  at  flat-band  voltage] 
at  time  t\ .  The  sample  then  acquires  a  negative  nitride! 
charge  -Q  by  application  of  a  positive  voltage  pulse($)  and  it] 
at  the  flat-band  voltage  at  time  fj .  Since  the  charge  in] 
the  silicon  has  not  changed ,  the  entire  charge  j 


flowing  through  the  external  circuit  to  the  gate  during  the! 
intermediate  period  t ,  <  t  <  rs  has  crossed  the  silicon-silicon! 
oxide  interface.  Thus  Qm  equals  the  absolute  value  Q  of  thei 
nitride  charge  provided  that:  1)  no  injected  charge  has  left  tha! 
sample  at  the  gate;  2)  no  positive  charge  injection  from  tha! 
gate  has  taken  place;  and  3)  the  charges  in  surface  states  and  in! 
the  oxide  have  not  changed.  If  the  sample  is  charge  free  at  f, , 
and  has  acquired  the  negative  charge  -Q  at  r: ,  the  centroid  o| 
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'  TABLE  I 

Tywcal  T i mi  Comtants  Pertaining  to  the  Circuit  oe  Fig.  J 

».e.  Sign*!  (10  kHs)  l/f  »  0.  t  ml 

Lock-In  acquioitioa  cimo  1  mi 

Fiid  back  circuit  Emi  cantunt  SO  mt  -  200  mi 

Fulii  Oufitian  tmicroi>coa4  -  10  m» 

x*'s[l-CN(Vfi-  V$)IQ]  (2) 

with  Vj-J  and  the  flat-band  voltages  at  fj  and  r,  ,fy  the 
nitride  thickness,  and  CN  the  nitride  capacitance.  Thus  the 
staircase  charging  technique  can  be  used  to  derive  the  charge 
versus  centroid  relation  provided  that  we  include  in  (1)  and 
(2)  the  total  charge  injected  by  aH  previous  pulses,  and  that 
we  use  the  total  flat-band  voltage  change  from  the  initial 
charge-free  state.  Charge  corrections  required  to  account 
for  parasitic  charge  added  by  a  shunt  leakage  path  to,  or  in, 
the  MNOS  dielectric  are  discussed  in  Appendix  I. 

Replacing  the  total  nitride  charge  Q  ■  gW  +  6Q  on  the 
right-hand  side  of  (2)  by  the  charge  8 Q  *  g<2>  -  g<1>  added  to 
the  nitride  by  the  voltage  pulse ,  we  obtain 

+  )/*«•'*(!  VftWQ). 

(3) 

The  length  x*  represents  the  centroid  of  the  difference  between 
the  nitride  charge  distributions  pertaining  to  g(I)  and  * 
G(1)  +  SQ.  We  are  not  aware  of  any  method  which  might  dis¬ 
tinguish  between  the  contribution  to  x*  from  the  centroid  x$ 
of  the  charge  -SQ  added  to  the  nitride  and  that  of  the  shift 
Sxi  of  the  centroid  x,  of  the  charge  -g*1*  present  in  the 
nitride  prior  to  application  of  the  pulse.  However,  measured 
data  of  xm  could  be  compared  with  theoretical  values  derived 
from  models  for  the  nitride  charge  distribution  based  on 
“negligible  detrapping”  [2] ,  “strong  detrapping”  [4] ,  (5] , 
and  “nitride  charge  loss  by  back-tunneling”  [6]  during  the 
feedback  period. 

HI.  Interpretation  of  Staircase  Charging  Patterns 

The  staircase  charging  method  provides  capability  for  inves¬ 
tigating  charge  buildup,  or  removal,  by  positive  or  negative 
gate  pulses.  Negative  gate  voltage  pulses  initially  cause  deep 
depletion  of  the  silicon  surface  which  may  reduce  the  oxide 
and  nitride  fields  significantly  until  an  inversion  charge  has 
built  up.  This  buildup  can  be  accelerated  by  illumination  with 
light  of  suitable  wavelength.  Nevertheless,  we  shall  present 
here  only  the  results  of  investigations  related  to  positive  gate 
pulses  applied  to  n-silicon  devices  in  order  to  avoid  complica¬ 
tions  of  interpretation  associated  with  deep  depletion  by  nega¬ 
tive  voltage  pulses.  The  positive  pulse  voltage  causes  accumula¬ 
tion  of  the  silicon  surface  and  thus  extends  across  the  oxide 
and  nitride  layers. 

The  inset  in  Fig.  2  shows  that  the  charge  change  caused  by  a 
voltage  pulse  is  composed  of  a  first  step  to  an  intermediate 
charge  level  Q/,  followed  by  a  second  step  to  the  Anal  charge 
level  Q*2).  It  is  shown  in  Appendix  II  that  the  intermediate 
charge  level  can  be  expressed  in  terms  of  the  initial  and  Anal 


charge  levels,  the  change  in  the  flat-band  voltage,  and  the 
C-V  relation.  Thus  measurement  of  Qj  is  superfluous  for  in¬ 
vestigating  the  nitride  charge  and  its  distribution. 

The  charge  registered  by  the  current  integrator  may  decrease 
during  the  early  part  of  the  feedback  period,  u  shown  in  the 
inset  of  Fig.  2.  This  is  attributed  to  memory  charge  lots  by 
back-tunneling  [3] ,  [6] .  The  charge  indicated  by  the  current 
integrator  after  flat  band  has  been  achieved  is  the  injected 
charge  less  the  back-tunneled  charge,  i£->  the  remaining  charge 
in  the  nitride,  and  its  centroid  is  given  by  (2). 

The  charge  and  voltage  staircase  patterns  recorded  in  Fig.  2 
exhibit  the  following  interesting  features: 

1)  Charge  Staircase  Pattern:  The  charge  step  per  pulse  first 
decreases  slightly,  then  remains  stationary  for  a  number  of 
pulses,  and  then  increases  to  a  steady-state  value.  The  portion 
of  charge  added  during  the  feedback  period  after  each  pulse 
decreases  with  the  number  of  pulses  and  almost  vanishes  when 
the  steady  state  is  reached. 

2)  Voltage  Staircase  Pattern:  The  flat-band  voltage  change 
per  pulse  decreases  with  the  number  of  pulses  until  a  steady- 
state  average  level  is  reached.  The  voltage  increase  during  tFB 
is  then  compensated  by  a  flat-band  voltage  decrease  during 
lR  ~*fb  ■  The  decay  of  flat-band  voltage  during  the  rest  period 
is  noticeable  only  after  several  pulses  have  been  applied,  be¬ 
coming  most  pronounced  when  the  steady -state  level  has  been 
reached. 

These  observations  have  the  following  explanations.  The 
charge  injected  per  pulse  into  the  nitride  decreases  initially 
because  receptor  states  located  either  in  the  oxide  or  at  the 
oxide-nitride  interface  become  saturated.  The  excess  charge 
of  the  first  charge  step  amounts  to  IS  X  I0*n  cm*4  states 
for  the  sample  of  Fig.  2.  The  several  subsequent  charge  steps 
are  very  nearly  equal.  This  behavior  is  expected  because 
charge  tunneling  through  the  oxide  is  controlled  by  the  oxide 
field  which  is  the  same  at  the  beginning  of  each  pulse  since 
each  pulse  is  applied  at  flat-band  bias.  The  decrease  in  the 
corresponding  flat-band  voltage  change  per  pulse  with  the 
number  of  pulses  indicates  that  the  centroid  of  charge  moves 
more  deeply  into  the  nitride  with  each  successive  pulse.  This 
shift  of  the  centroid  arises  from  detrapping  and  deeper  pene¬ 
tration  of  charge  injected  by  previous  pulsing  [4] ,  [7] .  Newly 
injected  charge  may  also  penetrate  further  because  some  of  the 
traps  may  have  been  filled  by  previously  injected  charge  [2] . 

Subsequent  to  this  “stationary  charge  injection-increasing 
flat-band  voltage  regime”  (Fig.  1),  the  charge  per  pulse  in¬ 
creases  until  it  reaches  a  steady-state  value.  This  has  the  fol¬ 
lowing  explanation:  Fig.  4  illustrates  the  time  dependence  of 
charge  injected  through  the  oxide  into  the  nitride  during  a 
sequence  of  pulses.  Each  pulse  is  imposed  on  flat-band  voltage, 
so  that  the  initial  oxide  field,  and  thus  the  initial  injection  cur¬ 
rent,  remains  constant  for  all  pulses.  The  injected  charge 
reduces  the  oxide  field,  and  thus  die  injection  current  decreases 
during  each  pulse.  The  added  space  charge  during  each  pulse 
diminishes  as  charge  injection  through  the  oxide  is  partially 
compensated  by  charge  exit  from  the  nitride  into  the  gate 
electrode.  The  steady  state  reached  after  many  pulses  indicates 
that  most  of  the  charge  now  passes  through  the  entire  nitride, 
ie.,  as  much  charge  leaves  through  the  gate  as  is  added  through 
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Fig.  4.  tajvcdoa  cumaa  for  i  vaitags  pub*  train  with  flat  band  rt- 
wtaUUMd  betwsen  palm;  tatt  period  t,  between  tha  palm  not 
ihown.  Tha  entrant  decays  during  *ach  palaa  because  tha  injected 
chaiga  taducat  tha  oxida  field.  TMa  reduction  dhnumhn  with  b>* 
creating  number  of  pulses,  u  ehaiga  injection  is  inenaringiy  compen- 
salad  by  chasgs  axit  from  tha  nitrida  into  tha  gate. 


Fig.  6.  Charge  versus  centroid  curves  for  siactron  injection  from  tha 
dUcon  derived  by  the  staircase-charging  technique  using  Vf  •  Id  V, 
tpa  10"*  t,  and  r,- 0.5  •;  and  by  the  ringM  pulsa method  [2]  using 
Vp  •  Id  V(),  and  V9  •  20  V  (•*■)• 

pulse  it  indistinguishable  from  the  nitride  charge  injected 
during  the  pulse  period.  In  abeence  of  s  leakage  charge,  the 
slope  of  a  line  connecting  the  origin  to  a  point  pertaining  to 
flat  band  is  1  -  x/t„,  according  to  (2). 


Fig.  5.  Recording  of  device  voltage  versus  accumulated  charge  using 
Vp  ■  IS  V,  tp  •  10  ns,  and  rr  ■  0.3  s.  Tha  deviation  of  the  slopes 
of  the  straight  dotted  Unas  from  tha  telbtance  Una  VFB  «  QmICN  of 
slope  1  provides  x/t/f  in  tha  absence  of  leakage  charge  accumulation. 

the  oxide  (or  rice  vena  for  positive  charges  injected  from  the 
gate).  Only  a  small  nitride  charge  is  added  by  each  pulse  to 
compensate  for  the  retention  charge  loss  during  the  preceding 
feedback  and  test  periods.  This  added  nitride  charge,  and  the 
retention  charge  loss  by  back-tunneling  to  the  silicon  (3) ,  [6] , 
account  for  the  voltage  pattern  during  the  feedback  and  rest 
periods  in  the  steady  ante.  The  fact  that  the  flat-band  voltage 
does  not  visibly  decay  after  the  early  pulses,  but  does  decay 
after  many  pubes,  is  attributed  to  increased  back-tunneling 
which  results  from  charge  buildup  in  the  nitride  at  the  oxide 
interface  {4] ,  (7] . 

Fig.  5  is  an  X-Y  recording  of  the  device  bias  voltage  as  a 
function  of  the  accumulated  charge  in  the  current  integrator. 
The  maxima  in  the  quasi-steady-state  regime  occur  at  the 
end  of  the  feedback  periods.  During  the  subsequent  rest 
periods,  the  flat-band  voltage  decays  due  to  back-tunneling. 
However,  the  charge  increases  because  leakage  current  exceeds 
the  back-tunnel  current.  The  abrupt  transition  from  a  decline 
to  a  horizontal  indicates  that  a  voltage  pulse  has  been  applied. 
The  horizontal  region  results  from  charge  flow  during  the 
pulse.  The  subsequent  maximum  arises  from  the  chsrge  and 
voltage  increases  during  the  feedback  period.  Maxima  asso¬ 
ciated  with  early  pulses  are  not  discernible  because  the  nitride 
charge  has  not  yet  accumulated  to  the  extent  required  for 
pronounced  back-tunneling.  Hence,  the  leakage  charge  accu¬ 
mulated  during  the  rest  period  prior  to  the  start  of  an  early 


IV.  Experimental  Charge  Versus  Centroid  and  t 
Injection  Current  Polarization  Data 

Fig.  6  compares  a  charge  versus  centroid  curve  obtained  by 
the  Yun  method  with  that  derived  by  the  staircase  charging 
method.  The  first  pulse  is  the  same  in  both  methods,  and  the 
data  point  pertaining  to  the  extrapolated  intercept  x(fi  -*0) 
which  gives  the  range  of  the  electrons  injected  into  the  charge- 
free  nitride  is  about  the  same  for  both  methods. 

The  difference  between  the  charge  versus  centroid  relations 
obtained  by  the  Yun  method  and  by  the  staircase  method  at  f 
higher  charge  levels  depends  on  pulse  voltage  and  duration, 
and  on  the  rest  period  between  pulses.  We  attribute  this  dif¬ 
ference  to  different  charge  distributions  arising  mainly  from 
different  injection  current  versus  time  relationships  for  the 
two  methods.  The  dotted  line  in  Fig.  4  shows  that  the  injec¬ 
tion  current  during  a  single  pulse  of  duration  3  tp  changes 
more  than  the  injection  current  during  three  successive  identical 
voltage  pulses  of  the  staircase  method  each  of  duration  tp. 

Thus  the  staircase  charging  technique  approaches  constant 
current  pulse  conditions  more  closely  than  does  the  Yun  tech¬ 
nique,  which  uses  constant  voltage  pulses  of  increasing  dura¬ 
tion.  Charge  versus  centroid  curves  for  constant  voltage  pube 
are  expected  to  differ  from  those  for  constant  current  pulses 
[5] .  Moreover,  the  theoretical  analysis  of  charge  versus  cen¬ 
troid  data  obtained  by  constant  current  pulses  is  simpler  than 
that  obtained  by  constant  voltage  pulses  [S] . 

Back-tunneling  of  nitride  charge  to  the  silicon  during  the 
rest  period  between  pulses  of  the  staircase  charging  method 
temporarily  reduces  the  nitride  charge  near  the  oxide  boundary . 

This  charge  is  replenished  immediately  by  the  pulse  following 
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tht  mt  period.  Hit  chars*  integrator  registen  the  net  charge 
•  which  croaaas  the  oxlda-nitridt  interface.  Thus  the  contribu¬ 
tions  from  the  back-tunnel  charges  and  their  replenishment 
cancel.  Nevertheless,  after  several  pulse  applications,  the 
charge  centroid  differs  somewhat  from  that  which  would  have 
been  obtained  with  a  single  long  pulse,  during  which  bock- 
tunnelling  and  back-tunnelling  itpbnbhmtflt  do  not  occur. 

Charge  step  per  pulse  in  the  quaai-itaady-state  regime ,  marked 
in  Fig.  2,  divided  by  the  pulse  duration,  provides  the  steady- 
state  oxide  current  at  a  gate  voltage  equal  to  the  sum  of  flat- 
band  bias  voltage  end  pulse  voltage.  In  the  case  of  Fig.  2,  this 
voltage  sum  is  22 JS  V.  Holes  injected  from  the  gate,  crossing 
the  entire  nitride,  and  entering  the  silicon  through  the  oxide, 
would  contribute  to  this  current.  On  the  other  hand,  holes 
injected  from  the  pte  and  recombining  with  electrons  before 
entering  the  silicon  through  the  oxide,  do  not  contribute  to 
this  current,  since  the  charge  Qm  registered  by  the  current 
integrator  is  the  charge  passing  through  the  oxide.  A  hole  in¬ 
jected  from  the  pte  partway  into  the  nitride  contrftutes  to 
the  charge  registered  by  the  charge  integrator  during  the 
voltage  pulse.  However,  this  contribution  it  compensated 
exactly  when  flat-band  voltage  is  subsequently  re-established 
during  the  feedback  period.  Holes  injected  from  the  gate 
cannot  reach  the  oxide  interface  during  the  first  several  pulses 
of  combined  duration  less  than  the  transit  time  of  the  holes 
through  the  nitride.  Thus  the  initial  oxide  current  during 
these  early  pulses  arises  only  by  electron  injection  from  the 
silicon.  The  excess  of  the  oxide  current  in  the  quad-steady- 
state  regime  over  the  initial  pulse  current  in  the  “stationary 
charge  injection-increasing  flat-band  regime,”  marked  in  Fig. 
2,  provides,  therefore,  the  current  of  holes  injected  from  the 
pte  and  penetrating  through  the  entire  nitride  film. 

The  initial  pulse  current  during  the  “stationary  charge 
injection-increasing  fiat-band  voltage  regime"  has  been  deter¬ 
mined  from  a  series  of  staircase  patterns  pertaining  to  different 
pulse  durations  tjp  by  the  procedure  indicated  in  Fig.  7.  The 
theoretically  expected  time  constant  for  the  injection  current 
decay  is 


at 

a  In  / 


a r  .  a, 
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The  factor  3>/?o7/31n/  calculated  for  oxide  tunneling  by 
electrons  is  130  cm,/a  •  V,/J  for  an  oxide  thickness  of  about 
20  A  and  an  oxide  field  of  about  107V/cm  according  to  [$, 
fig.  1 1 .  The  decay  of  the  injection  current  is  not  exponential, 
since  the  time  constant  depends  on  the  current.  Using  the 
e~,-th  value  of  the  initial  current  density  of  Fig.  7  we  obtain 
by  (4)  a  time  constant  of  about  10*s  s,  in  good  agreement 
with  the  observed  current  decay. 

The  pulse  current  of  Fig.  7  extrapolated  to  very  short  pube 
duration  is  found  to  equal  within  ±  20  percent  the  steady* 
state  nitride  current.  We  conclude  that  in  the  sample  of  Fig. 
7  at  the  applied  voltap  injected  holes,  if  any,  recombine  with 
electrons  before  reaching  the  oxide  [8] ,  provided  that  the  hole 
transit  time  is  longer  than  about  S  us.  Hole  injection  from  the 
pte  would  have  little  effect  on  the  fiat-band  voltage  initially, 


Fig.  7.  Injection  currant  vagus  dweprelgedwNed  from  the  “Stationery 
sharp  injection- Inctewfaut  Oat-hand  voltap  raghae”  (Fig.  2)  for  a  sat 
of  ittimae  rheijing  experiments  with  identical  poise  height  of  IS  V 
and  poke  don  done  ranging  from  J  m  to  1  am  The  index  a  dtadn- 
■bWms  poke  train*  of  dUTetnat  polee  daradoos. 

since  nitride  charge  contributes  to  the  flat-band  voltap  in 
proportion  to  its  distance  from  the  gate.  Absence  of  a  signifi¬ 
cant  hole  injection  from  the  pte  hat  been  demonstrated  abo 
by  [9] .  However,  our  more  recent  experiments  have  shown  a 
finite  hole  injection  from  the  aluminum  gate  which  depends 
less  strongly  on  the  pube  voltap  than  the  electron  injection 
from  the  silicon.  Thus  the  fraction  of  the  steady-state  current 
carried  by  holes  increases  as  the  gate  voltap  decreases. 

V.  Summary  and  Conclusions 

The  memory  charge  versus  centroid  relationship  has  been 
determined  by  a  new,  nondestructive  technique  in  which  a 
sequence  of  identical  pubes  b  applied  to  the  device,  and  tht 
charge  through  the  external  circuit,  and  voltap  across  the 
device,  are  recorded  as  functions  of  time.  The  device  b  re¬ 
turned  to  flat  band  between  pubes  by  means  of  a  bias  voltap 
applied  to  it  from  a  feedback  circuit.  Each  successive  pulp  b 
superimposed  on  the  flat-band  voltap  corresponding  to  the 
accumulated  memory  charge  distribution  resulting  from  pre¬ 
ceding  pubes.  Effects  arising  from  back-tunneling  and  leakap 
current*  during  rest  periods  between  pubes  have  been  iden¬ 
tified  in  representative  charp  and  voltap  “staircase”  patterns 
obtained  with  this  technique.  Many  data  have  been  acquired 
by  varying  pube  height,  rest  period,  and  pube  duration.  These 
data  will  be  reported  and  analyzed  in  a  subsequent  paper. 

The  “staircase  charging”  method  provides,  in  addition  to  the 
charp  versus  centroid  relationship,  tht  steady -state  current 
for  the  fully  charged  memory  device,  the  leakap  current  at 
various  memory  charp  and  fiat-band  voltap  levels,  and  mem¬ 
ory  charp  retention  loss  data.  Staircase  charging  can  be  inter¬ 
rupted  at  any  desired  charp  or  flat-band  voltap  level,  and  the 
decay  of  flat-band  voltap  and  charp  changes  can  be  registered 
ss  functions  of  time  to  indicate  the  back- tunneling  of  memory 
charp.  A  discharge  staircase  pattern  can  be  used  to  study  the 
emptying  of  memory  charp  by  reverse  polarity  pulsing. 

The  principal  advantage  of  our  technique  U  the  rapidity  with 
which  the  raw  data  are  obtained.  When  this  method  is  applied 
to  leaky  devices,  s  correction  for  the  leakap  charp  b  required. 
Although  we  have  provided  a  procedure  for  making  this  cor- 
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Fig.  S.  Votag*  and  chug*  taricass  proflhi  stearins  effects  of  leakage 
sanest  (chats*  Irieae*  during  rant  period)  and  charge  man  boo  1m 
(fiat-bate  voltage  ternm  dates  cast  period).  Vpm  WV;if*  10**. 
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faction,  wa  ara  now  developing  a  circuit  modification  which 
will  suppmaa  the  leakage  chart*  accumulation  by  reducing  the 
rest  period  between  pulses  to  the  10-ms  range.  This  will  be 
accomplished  by  replacing  the  feedback  circuit  with  a  PDP-1 1 
Data  Acquisition  System  programmed  in  machine  language. 
The  ultimate  time  limitation  will  then  be  governed  by  acquisi¬ 
tion  of  the  capacitance  data  in  the  lock-in  amplifier  circuit. 

Appendix  I 

Corrections  for  Charge  Versus  Centroid 
Determination  in  Case  of  Charge  Leakage 

i 

Fig.  8  shows  a  case  for  which  flat-band  voltage  decreases  and 
charge  increases  during  the  period  rx-rpp.  The  rest  period  be¬ 
tween  pulses  was  chosen  unusually  long  to  accentuate  the 


changes  occurring  after  flat  band  has  been  achieved.  The  feed¬ 
back  period  in  ■  50  ms,  after  which  flat  band  fccstabUtbsd, 
is  not  dJscemaMs  on  the  time  scale  shown.  The  subsequent 
change  of  flat-band  voltage  with  time  during  the  fast  period 
is  sufficiently  slow  that  flat-band  volt**  is  maintained  by  tbs 
feedback  circuit. 

Several  corrections  to  the  charge  have  to  be  made  before 
evaluating  charge  versus  centroid  from  them  data  by  (1)  and 
(2).  These  corrections  are  baaed  on  the  assumptions  that: 
1)  the  slope  of  charge  versus  thns  during  the  test  period 
results,  at  least  in  part,  from  a  leakage  current  which  shunts 
the  dielectric,  and  2)  the  <*ng«  in  flat-band  voltage  during 
the  rest  period  results  from  back-tunneling  of  negative  charge 
QrmCifAVn  to  the  silicon.  The  nitiide  charge  content  Q 
is  decreased  by  the  back-tunnel  charge  Qr,  ad  the  observed 
&Qm  is  thus  the  leakage  charge”  minus  the  back-tunnel 
charge.  The  ‘‘leakage  charge”  AQm-QT  is  larger  than  AQm . 

In  Table  II  we  list  values  of  charge  Q  and  centroid  7,  ob¬ 
tained  by  (2),  using  Vjr*(fj*),  with  C(r*)  related  to  the  met- 
undgmfa)  as  follows: 

0  G('j»)-Cm(0r) 

».» 

Hi)  Q('x)  -  Gmfot)  -  Z 

M  I." 

Similarly,  we  use  Fn(rn)  ad  the  following  values  for 

6('n): 

0  (XfFB)mQm(tFB ) 

11)  Qi'FB)-Qm(tFB)-  Z  Mm 

l.*-l 

HI)  Q(tFB)-Qm{'FB)-  Z  Mtf  +  Cy  £  AVfl 

l.e-l  i,»-i 

for  charge  versus  centroid  determination  at  tn- 

Table  U  shows  that  the  correction  for  the  back-tunnel  charge 
(hi  versus  ii)  is  not  significant.  However,  elimination  of  the 
leakage  charge  (ii  versus  i)  is  an  important  correction  in  case 
of  Fig.  8. 

Appendix  D 

Integrator  Charge  Versus  Time  During  the 
Voltage  Pulse  and  the  Feedback  Period 

Application  of  the  voltage  pulse  causes  a  immediate  charging 
current  spike.  Its  charge 

fyjti  *  *> 

Qcm  I  C{t)dV  (Al) 

m 

equals  the  area  under  the C*l)-V curve  shown  in  Fig.  9.  During 
the  voltage  pulse,  the  charge  -6Q  is  injected  from  the  silicon 
and  the  charge  -G(1>  already  present  in  the  nitride  before  the 
pulse  shifts  toward  the  gate.  The  resulting  current  flow  adds 
the  charge  Q  •  to  the  current  integrator  output  (Fig.  10). 

The  discharge  current  spike  at  the  termination  of  the  voltage 
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FI*.  9.  Capacitance  «nm  vol  tags  before  (C*l))  tad  after  (C*3b  a 
pub*.  Areas  under  time  carves  npiwat  Ge  charges  dowlas  through 
the  external  circuit  Galas  the  charging  (fie)  and  discharging  COd) 
tpikas  (sea  Fig.  10).  and  Galas  the  restontion  of  flat  bead  (Qpp). 
Equation  (A5)  foBows  Don  the  nlatloa  A\  *A  j  •  Aj  *A%  fa c  the 
areas  Gown  in  the  enlarged  section. 


Fig.  10.  Voltage  serosa  the  MNOS  device  terminals,  and  charge  passed 
through  the  external  circuit  to  the  gate,  neglecting  leakage  current 
sad  retention  losses  duiing  the  tost  period. 

pulse  removes  the  charge 

/>»•*  ... 

Q°9m  CdV  (A2) 

from  the  current  integrator.  The  C^-K  curve  shown  in  Fig.  9 
is  shifted  with  respect  to  the  C(,)-K  curve  by  the  change  of 
flat-band  voltage  Vft-vyj.  Portions  of  the  discharge  C<i,-K 
curve  pertain  to  "deep  depletion since  the  short  switching-off 
time  of  the  pulse  prevents  formation  of  a  hole  inversion  charge 


except  in  cam  of  small  gats  width  and  existence  of  a  lateral 
source  for  holes.  The  device  la  not  at  the  flat-band  voltage 
of  C*2)  at  the  termination  of  the  discharge  current  spike,  but 
at  the  bias  voltage  causing  depletion.  The  charges  in  the 
charging  and  discharging  spikes  do  not  cancel  since  the  capaci¬ 
tance  it  larger  when  charged  than  whan  discharged.  The  charge 
registered  by  the  current  integrator  after  the  discharge  is 

Qj-Qto*Qc-QD  +  Q*.  (A3) 


The  charge 


C^'dV 


(A4) 


is  added  when  the  feedback  circuit  restores  flat  band,  assum¬ 
ing  again  that  tn  is  short  versus  the  time  required  for  invenioa 
charge  buildup.  Fig.  9  shows  that 

+  (15^-Kj^.  (AS) 


The  expressions  for  Qm  and  Qi  listed  in  Fig.  10  follow  from 
(A3)  and  (AS),  considering  that 

qW  -  0(D  •  Qc  -  Qd  +  Q*  ♦  Qn.  (A6) 
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Abstract  A  computer-controlled  testing  circuit  for  mnos 
devices  is  described.  The  principal  type  of  test  for  which  the 
circuit  is  designed  is  the  stair-case  charging  method  which 
charges  an  mnos  device  under  constant  oxide  Held.  Other 
tests  such  as  memory  retention  and  endurance  are  also 
described. 

1  Introduction 

Recently  Lehovec  tt  a I  (1978)  have  described  a  stair-case 
charging  method  for  tows  memory  devices  which  uses  a 
sequence  of  constant-voltage  pulses  superimposed  on  the 
flat-band  voltage  pertaining  to  the  previous  pulse.  This 
technique  has  been  used  by  Thornber  and  Kahng  (1978, 
Thorn ber  tt  al  1978)  to  study  tungsten-doped  double-dielectric 
structures. 

In  this  note  a  computer-controlled  circuit  for  stair-case 
charging  is  described.  Use  of  digital  circuits  and  computer 
control  provides  many  advantages.  Input  parameters  such  as 
pulse  height  and  duration  which  are  normally  manually 
adjusted  with  the  help  of  an  oscilloscope  are  now  precisely  and 
reproducibly  controlled.  Measured  data  such  as  flat-band 
voltage  and  injected  charge  are  digitally  stored  and  can  be 
immediately  analysed  to  produce  other  information  such  as 
charge  centroid  and  injected  current.  While  the  circuit  was 
initially  developed  for  the  specific  purpose  of  measuring  the 
flat-band  voltage  and  injected  charge  under  constant  oxide 
field  conditions  the  versatility  of  the  system  enables  one  to 
perform  other  testing  procedures  such  as  memory  retention 
under  various  initial  conditions  and  endurance  tests.  Safe¬ 
guards  preventing  runaway  feedback  which  can  bum  out 
devices  have  been  incorporated  into  the  feedback  program. 

2  Test  circuit 

The  circuit  (figure  I)  is  similar  to  those  described  previously 
(Lehovec  tt  al  1978)  except  that  the  analogue  feedback  part 


Figure  I  Computer-controlled  testing  circuit. 


has  been  replaced  by  digital  citcuita.  The  small  capacitor  Ct  in 
series  with  the  lock-in  impedance  of  30  pF  shunted  by  100  MQ 
acts  as  a  high-pam  filter  which  blocks  moat  of  the  stair-case 
pattern  signal,  thus  eliminating  overloading  of  the  lock-in 
amplifier.  The  digital  circuits  consist  of  a  PDF  1 1/10  central 
processor  unit  (crc).  16  kbytes  of  core  memory  and  a  labora¬ 
tory  pariphatal  system.  The  latter  includes  eight  input  channels 
multiplexed  to  a  12-bit  analogue-to-digital  converter  (aoc) 
(±3  V),  two  12-bit  digital-to-analogue  conveners  (one) 
( 1 5  V),  a  programmable  quartz  timer,  two  Schmitt  triggers, 
two  relays  and  a  6-digit  lid  display.  Because  all  of  the  control 
registers  for  these  devices  act  as  part  of  the  computer  memory 
the  devices  an  under  computer  control. 

Two  analogue-to-digital  channels  an  used  to  measure 
voltages  Vc  and  Vq  with  a  resolution  of  one  voltage  bit 
(2-44  mV).  Vc  and  Vq  are  proportional  to  the  mnos  capaci¬ 
tance  and  charge  flowing  through  the  external  circuit.  One  of 
the  digital-to-analogue  channels  is  used  to  adjust  the  gate 
voltage  to  reach  flat-band  conditions  and  to  provide  the 
charging  pulses.  The  gate  voltage  before  each  pulse  is  equal  to 
the  flat-band  voltage  and  is  taken  to  be  the  product  of  the 
dac  output  and  the  gain  of  port  3  of  the  summing  amplifier. 
The  duration  of  the  pubes  is  determined  with  the  help  of  the 
programmable  dock  which  can  be  set  to  run  at  frequencies 
ranging  in  decades  from  1  MHz  to  100  Hz.  Induding  the  time 
needed  for  machine  l»nr**r*  instruction  execution,  pube 
widths  of  20  ps  and  mote  can  be  produced  with  a  resolution 
of  1  /a.  The  clock  b  also  used  to  measure  the  time  intervab 
between  successive  capacitance  measurements.  This  interval 
is  set  as  four  times  the  lock-in  time  constant  The  relay  which 
is  in  series  with  the  discharging  resistor  An  b  opened  under 
computer  control  before  each  experimental  run.  The  Schmitt 
triggers  can  be  fired  when  a  signal  reaches  a  predetermined 
level.  Upon  firing  either  the  computer  b  interrupted  in  order 
to  execute  some  subroutine  or  a  flag  b  set  The  trigger  can  be 
used  to  synchronise  the  charging  experiment  with  the  trigger¬ 
ing  of  an  oscilloscope  in  order  to  display  Kb,  Vc  or  K«  as  a 
function  of  time.  It  can  also  be  used  to  sense  an  overload  of 
the  lock-in  amplifier.  A  pube  slightly  wider  than  the  charging 
pube  is  provided  by  the  second  aoc  to  the  acousto-optical 
modulator  to  illuminate  the  mnos  device  during  the  charging 
pube.  Illumination  reduces  the  recovery  time  of  the  silicon 
space  charge  capacitance  from  deep  depletion. 

3  Test  technique 

The  first  step  in  testing  a  sample  b  to  determine  its  capacitance- 
voltage  characteristic.  This  b  accomplished  by  incrementing 
Vi  between  two  given  values  and  storing  the  resulting  values 
of  Vc.  The  values  of  the  accumulation  and  depletion  capaci¬ 
tances,  C«* «  and  Gtep.  determine  the  flat-band  capacitance. 
When  a  charging  or  discharging  pube  is  applied,  the  C-V 
curve  is  shifted  horizontally.  Flat-band  conditions  are  restored 
by  measuring  the  change  in  Vc  and  adding  a  voltage  AK,* 
six  AKc  to  the  third  input  port  of  the  summing  amplifier. 
The  derivative  sl  •  9  Vt/d  Vc!  is  computed  when  the  C-  V 
curve  is  taken:  Vnt  is  the  reference  voltage  which  corresponds 
to  the  flat-band  capacitance.  If  Vc  were  a  linear  function  of 
Vi  this  procedure  would  restore  flat-band  conditions  in  one 
step.  Figure  2(a)  shows  a  flow  chart  for  the  subroutine  which 
restores  flat-band  conditions.  This  subroutine  could  be 
written  in  a  higher-level  language  but  typical  execution  times 
would  be  about  30-100  ms.  Being  written  in  machine  language, 
its  speed  is  limited  only  by  the  response  time  (2  msi  of  the 
lock-in  amplifier.  The  variable  time  interval  tl  in  step  I  is  this 
response  time  which  is  set  at  four  times  the  chosen  lock-in 
time  constant.  In  step  4  the  absolute  value  of  the  difference 
AlV  between  the  measured  and  the  reference  voltage  l'r*t  is 
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FIrm  2  (a)  Flow  chart  for  flat-band  restoration 
subroutine,  (b)  Flow  chart  for  pulsing  subroutine. 
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compared  to  the  variable  precision  rm.  If  A  Ke  is  smeller  than 
p*  then  flat-band  conditions  ate  considered  to  be  reached 
within  the  prescribed  precision.  There  ate  two  criteria  for 
choorinp  r*.  First  it  should  be  larpar  than  the  noise  level  at 
the  output  of  the  lock-in.  Secondly  it  should  be  larpar  than  the 
capacitance  chanpe  produced  by  an  increment  of  K*  of  one 
voltage  bit  (2-44 mV),  i.e.  pit  >  2*44  oiV/sl.  The  test  require¬ 
ment  is  usually  the  limiting  one.  A  typical  value  of  sl  is 
0-025.  This  translates  into  a  value  of  100  mV  for  n  and  a 
precision  of  2  pF  for  the  capacitance.  In  step  6  the  new 
computed  value  of  V»  is  compared  with  an  upper  and  a  lower 
limit  (ul  and  u.).  This  is  to  prevent  a  runaway  condition 
applying  too  high  a  voltage  to  the  device. 

The  pulsing  program  (figure  2(b))  is  written  in  machine 
language  and  can  be  accessed  via  a  nine-argument  (unction 
in  a  higher-level  language.  The  analysis  of  the  data  and 
setting  of  the  parameters  is  programmed  in  the  higher-level 
language  which  uses  an  interpreter.  The  nine  arguments  are: 
np,  number  of  pulses;  tp,  pulse  duration  in  number  of  dock 
cycles:  vp,  pulse  height:  m,  a  pulse  number;  nr  and  sl, 
dock  rates  to  measure  the  pulse  length  and  the  time  interval 
tl  between  successive  readings  of  Vc‘.  Pa,  predtioa  to  which 
the  flat-bend  voltage  is  restored;  and  sl,  the  previously 
defined  slope.  Each  time  a  pulse  is  sent  np  is  decremented. 
When  to*  np  a  trigger  subroutine  is  executed.  This  subroutine 
can  be  used  to  send  a  triggering  pulse  to  an  oscilloscope  so  that 
the  response  of  Vc  or  Vq  to  a  particular  pulse  can  be  viewed. 
This  subroutine  can  be  changed  to  achieve  different  results 
such  as  changing  the  polarity  of  the  pulses  after  a  certain 
number  of  them  have  been  sent.  While  the  subroutine  was 
written  to  perform  a  stair-case  charging  experiment,  certain 
settings  of  the  input  parameters  will  achieve  different  ends. 
Setting  np« 1  and  vp»0  results  in  no  pulse  being  sent  and 
flat-band  conditions  restored.  This  is  used  for  the  initial  gate 
voltage  setting  of  a  device  before  pulsing  and  for  measuring 
long-term  decay  of  stored  memory  charge.  Setting  pa  to  a 
very  large  value  results  in  no  flat-band  restoration  between 
pulses.  This  is  used  in  endurance  testing  when  a  large  number 
of  pulses  of  alternating  polarity  are  applied  to  the  device,  after 
which  its  memory  retention  and  other  characteristics  are 
measured.  The  alternation  of  polarity  is  handled  by  changing 
the  trigger  subroutine. 
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